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SUMMARY

Radial displacement of particles in radiation belts induced
by universal magnetic storms are considered. The source of the dis-
turbance lies in the ring current within the magnetosphere and in
the current at the magnetosphere boundary, created by the solar
wind. Only the first harmonic (uniform component) of the distur-
bance field is taken into account from the first source. For the
majority of the particles of the fields, this leads to reversible
displacements. Particles with reflection points, low-disposed
above the ground, in the process of radial transition of shells,
may be lowered into the dense layers of the atmosphere and dumped.
The concrete examples of the storms of 12 and 20 February 1964 are
examined,

* *

The behavior of energetic trapped particles during storms
is determined by the character of the disturbances. Important for
the formation of the distribution of long-lived particles arec the
disturbances leading to irreversible displacements of particles be-
tween magnetic shells. The disturbances related to them are those
having an azimuthal asymmetry (relative to the undisturbed field)
and an asymmetry in time. These can be universal, large-scale dis-
turbances (for example, the variations of a gquadruple harmonic de~
pendent upon the longitude considered in[1-3Jor the convection in
the magnetosphere, engendered by the rotation of the Earth{4-5])
and small-scale disturbances (for example, hydromagnetic waves[6]).

* O POVEDENIY CHASTITS RADIATSIONNYKH POYASOV VO VREMYA
MAGNITNYKH BUR'



Irreversible displacements of particles between magnetic shells,
induced by the disturbances, take place at disruption of the third
invariant of motion of particles in the magnetic field; under the
action of hydromagnetic waves, the second invariant of motion can
be disrupted also.

In the present note, we are considering the radial displace-
ments of particles with magnetic shells under the action of a uni-
versal disturbance component of the magnetic¢ field during magnetic
storms, limiting ourselves only the first harmonic of the distur-
bance field—by the uniform field perpendicular to the equatorial
plane. During the storm the first harmonic undergoes the greatest
variation and induces the greatest radial displacement of particles.
For the bulk of the particles of the radiation belts, however,
these displacements are reversible; after the restoration of the
field, the particles, intersecting the equator under small pitch-—
angles, the reflection points of which lie relatively closely to
the ground, may be the only exception. In the process of reversi-
ble radial transitions, their reflection points can be lowered still
further into the dense layers of the atmosphere, leading to particle
dumping., We will consider in which cases this is possible.

In the assumption that the wind velocity is perpendicular
to the dipole moment, the dipole field of the Earth distorted by
the solar wind on the equator can be described with sufficient
precision by three terms

By By

r
B=—r—5+ah3 (1+B;‘—cosl>, (1)

the first of which represents the field of the undisturbed dipole,
the second--~the uniform field (the first harmonic of expansion by
the spherical function of the outer source field), the third-—the
part of the disturbance field (the second harmonic of expansion,
the quadruple term), asymmetric by the longitude . Here Bp = 0.31
gauss is the field on the ground at the equator, r is the distance
from the center of the Earth to the fixed point in the equatorial
plane, r; = (B02/21'Pd)1/6 is the distance to the midday magneto-
sphere boundary (both quantities are expressed in Earth radii Rg),
Pg = 2 mnv is the dynamic pressure of the solar wind. The coeffi-
cients aand gare determined by the shape of the magnetosphere sur-
face, dependent in its turn on the parameters of the solar wind,
the dynamic pressure P3g and the hydrostatic heat pressure P, di-
rected along the wind. The various approximations give values a
and 3 somewhat differing in magnitude. In model[7], describing

the magnetosphere boundary from the midday side of the surface,

the closest coinciding with the experimental ones (the tempera-
ture of the flux is assumed to be zero, P = 0) are the coefficients



a= 0.80, B= 0.55. 1In the more simple and rough model of the gen-—
eralized method of the imaginary dipole o0f81, a= 0.35,8 = 0.90.
In both cases the second harmonic is essentially smaller than the
first through r~0.7 rj. At comparison by the spherical surface
of the radius rj, only the first harmonic with a= 2 exists. The
second harmonic of the disturbance field is relatively large only
in the roughest of the utilized models, that is, at compression
of the dipole by the plane to the distance rj. In this model

« =1/8, B- 3/2.

When computing radial displacements of particles at varia-—
tion of rj, we will consider only the first harmonic. 1In this as-
sumption, the third invariant of motion is preserved independently
from the rate of the variation rj, since the disturbance does not
depend upon the longitude. Therefore, the displacement of parti-
cles can be found from the condition of preservation of the third
invariant, that is, of the magnetic flux @ through the equatorial
cross-section of the magnetic shell r = L. which in the given ap-
proximation, is a circle. We have

© =20, { (g 2 Y — = 2B (0 LYY (2)

/' L 2\7‘1

We took advantage of the fact that for the dipole the flux
inside the shell L equals the flux with the opposite sign outside
the shell L. At §L/L €1, 6r13/rj<1l, we shall obtain from the con-
dition 6%= O '

3/2a(L/ry)%

8L = &ry —1—_{:-(1—{77’:)—3 . (3)

In the first phase of the storm Grl is negative (the bound-
ary approaches the Earth) and the equatorial distance to the shell
decreased also (8L <O0).

As an example, we shall examine the storms of 12 to 14 Feb-
ruary and 20 to 21 February 1964 for which a great quantity of da-
ta is available ini9].

As is shown in work(91, the storms of 12 to 14 February 1904
took place in the following manner: at the time of the first phase
of the storm, the period of type-—Pc oscillations is decreased, the
magnetic field in the magnetosphere (on the surface of the Earth as
well as at high altitudes) is increased, the outer boundary of the
belt of electrons with energy Eg=150 kev shifts to the side of
the smaller I, the anomalous absorption of cosmic radioemission
takes place at high latitudes from the daytime side of the Earth.
At the time of the development of the main phase of the storm, the



period of oscillation of the type-~Pc remained small, the magnetic
field on the ground is decreased, but at great altitudes, it is in-
creased. The boundary of the radiation belt was displaced to smal-
ler L. Anomalous absorption of radionoise was observed at a series
of stations at high latitudes. The general conformity of behavior
of the universal component of the magnetic field at the time of
these storms is in agreement with the generally accepted picture
(see, for example[l10]) and with these peculiarities of the storm
development which are emphasized in(8, 111.

The displacement of the boundary rj during the storm of 12
to 14 February can be estimated by the decrease of the period
T~1ry~ of short periodic oscillations of the type-Pc. At the time
of the first phase, their period decreased from 50 to 15 seci(l2].
If these oscillations have a resonant character and are connected
with the dimensions of the magnetosphere from the midday side, then

r

T’\/Sldr/VA, where V, is the Alfven velocity. At constant density
0

of the magnetosphere plasma » and B~r~3 and the period TﬂJrl4.

The empirical dependence has the form T-r14-8E12]. Since for the

undisturbed magnetosphere r; = 10, the decreases of the period

from 50 to 15 sec correspond to Srl = -2.3. The radial displace-

ment of particles will be determined by (3). For example, at

L~6, L=0.45a« /(1 + 0.21a)s=0.3 for the model(7]ata~= 0.8 (for

"the sphere L =-1 at a= 2). Qualitatively this corresponds to the

observed displacement of the conditional boundary of the electron

belt with Eg~150 kev from L~6 to L~5 [9, Fig. 3.6]. At compari-

son, we should take into account the longitudinal asymmetry of the

belt which, in the experiment, is found to be somewhat greater than

any other of the accepted models of the magnetosphere, and also the

betatron acceleration of electrons at displacement to smaller L,

which at a fixed threshold response of a counter can increase the

apparent effect of the boundary shift.

The growth of the horizontal component of the field on the
equator is determined by the second term in (1) at variation of rj
from~10 to~7.7. It is equal to éB~30y or taking into account
the diamagnetic effect of the Earth 6B~45y at ¢= 0.80. This qua-
litatively agrees with the observed increase of the horizontal
component 40 + 80y during the storm 12 to 20 February(9]. Here
we should take into account the possible eompression of the mag-
netosphere tail at the time of the first phase of the storm which
corresponds to the increase of the coefficient ¢ and, consequently,
to the increase of the growth effect of the horizontal component (8l.

to

The shift of particles of the belt on the smaller distance
L in the first phase of the storm will be attended by lowering of



the reflection points and the dumping into the atmosphere of parti-
cles with low-disposed reflection points. The variation of the
heights of the reflection points at transition from the distances
Lon L' =1L +5L is determined by the first and the second invari-
ants of motion

v sin2 8g/Bg = vz/Bm = const, I~vL = const (4)

(The expression for the second invariant is written in the
approximation valid for great latitudes and small pitch~angles).
Since the intensity of the magnetic field at the reflection point
B', and the pitch-angle 6'g on the equator after the transition
is determined by the expressions:

(Br'/Br) Y2 = sin? 64'/sin? 6, = L/L' (s)
In the dipole approximation
. -1/2
L sin? 0 = (L + n)3Ja - 2@ + h)] = f(h, L) (6)
- L

where h is the height of the reflection point in the Earth's radii

Expanding L'/L = £(h', L')/f(h, L) by h<€l and §L/L, we shall ob-
tain *

sh =h' -h =2/3( &/L) (7)

If we utilize the experimental value of[9i of the boundary
drawing of the belt of electrons with energies Eg~~150 kev $L=-1
at L~6, the reflection points will be lowered by Rg §h=*-700 km
(Model(7) SL=-0.3 would give a lower value of ~200 km)« The flux
of escaping electrons may be roughly estimated in the assumption
of their isotropic destruction by pitch-angles along the line of
force and neglecting the widening of the tube of force of the mag-
netic field at the distance Rp Sh. Under these conditions the flux
of escaping electrons is

ja~JoRg sh/vr (8)

* It is interesting to compare this lowering effect of re-
flection points with the lowering effect at the internal transition
of particles with L on L' at the preservation v in (4) (the current
therefore is not preserved). At these assumptions L>1, h<<l, we
shall obtain dhy ~dh(3/16 L), that is at a much smaller lowerina
of reflection points, practically determining the lowering of the
line of equal Bp with the latitude.



where jg is the flux of electrons at the equator, v is their velo-
city; Tis the time during which all electrons located in a tube of

1 cm? cross~section and Rg 6 h in length escape at the tightening of
the belt. Electrons with energies~150 kev may penetrate to the
altitude >75 km, whereas their flux on the equator is jOAJlO6cm'lsec
If we assume the "pouring out" time equal to 1 hour, then

j(Ee> 150 kev)~ 20 electrons/cmzsec. This value is somewhat smaller
but still quite close to the estimate of the electron flux of[131,
necessary for the increase of ionization in the D-layer at a height
of ~70 km during disturbances by one order of magnitude. The ano-
malous absorption of cosmic radioemission observed during the storm
of 12 and 20 February 1964 at the latitude boundary of the belt(9]
can be induced precisely by such an agent.

The dependence of ¢h on L at fixed tightening of the magne-
tospheredrl will be obtained from (3) and (7)

ory a(L/r1)3 (9)

= T e/

Such an increase of h and consequently also of the dump-
ing with latitude down to the boundary of the belt of energetic
electrons is in agreement with the experimental data on anomalous
absorption of the galactic radioemissionf9].

We will examine the main phase of the magnetic storm during
which the horizontal component of the field at low latitudes on the
ground decreased. The decrease of the horizontal component is as-
cribed to the diamagnetic action of the ring current of western di-
rection, forming in the magnetosphere at a distance R~~3-5 radii
from the center of the Earth. The formation of the ring current
can be connected with the heating of the innermost dense layers of
the magnetosphere by hydrodynamic waves, propagating from the
boundary of the magnetosphere into the depth at the time of solar
wind intensification. 1In the final count, the magnetosphere as a
whole is expanded to dimensions exceeding the preliminary undis-
turbed volume[ll). However, the development of such a ring cur-
rent and the lowering of the horizontal component of the magnetic
field may originate in conditions of continuing growth of solar
wind pressure. In this case, the diurnal boundary of the magneto-
sphere continues under specific conditions to approach the Earth.
The growth of the horizontal component at low latitudes, connected
with the intensification of the current of eastern direction on
the magnetosphere boundary at its proximity to the Earth, is con-~
cealed by the stronger effect of the horizontal component decrease
by the field of the ring current disposed nearer to the Earth.

The field of the ring current can be approximately presented




as the field of a current of westerly direction on the surface of a
sphere of radius R distributed along the surface with a density
j~cos ¢( ¢is the latitude). The field of such a sphere is equiva-
lent to the field of a uniform magnetized sphere with the moment

M = kM (M is the magnetic moment of the Earth) giving for r> R
the uniform field 2Bg/R3 and the dipole field kBg/r3 for r> R. Tak-
ing into account only the uniform part of the perturbation field
from the boundary of the magnetosphere, we will have for the equa-
torial plane

N e 1 a1+ k) 2
B(r)= Bo( ,-3—+ “"('r'“f)j“_ ! r<<R, (10)

s (At a(l+k
Bm_B%;?_+“m?l)

r>R. (ll)

The distance rj)' to the disturbed midday boundary of the mag-
netosphere is connected with the undisturbed value rj (prior to the
intensification of the solar wind and the emergence of the ring cur-
rent) by the expression

rd =ri(1+4 k)% (%)W: y (1—I}ik )'/a’

(12)

where @I = (Pd'/Pd)l/2 = (nvz/nov()z)l/2 characterizes the degree of
increase of the solar wind pressure.

with the aid of (12), the first harmonic can be expressed by
the undisturbed value of the distance rj to the boundary

1 all 2k
B(r)=B°< 3 + e Rs) r<n (13)
14+ k all
Mﬂ=Bd—;—+7F> r>R. (14)

At the time of the developed main phase the third term pre-
dominates in (13). The typical values of the magnetic moment of the
ring current k = 6 M/M~0.1, for example, at R~4 and AH = B (1)=~-100 v.

The radial displacement of particles at distortion of the di-
pole field by the two examined sources will be determined from the
condition of preservation of the third invariant. The flow across
the equatorial cross-section of the perturbed shell L' = L + 6L in
the region L' >R will be obtained from (ll) {as earlier, when deriv-
ing (3), the integral from the dipole part of the field along the
region r > L we substitute the integral with the reverse sign over
the outer part r > L of the dipole field)



Equating ¢' by the undisturbed value¢ at k = 0, L' = L,
r;' = r; and exapanding byé L/L, we shall have
6L _ k—1/3a(L/ry)? GH
L = AFa@/m i+ 700" (16)

At k = 0 andél = 36r,/r; €1 this expression is passed to (3).

During the development of the main phase, the particles can
pass to much deeper levels (d6L< 0) only for a specific correlation
between the coefficients, characterizing the rise of solar wind pres-
sure 6 and the development of the ring current k, determining the
requirements that the second term in the numerator of (16)be greater
than the first. Since (a/2) (L/rq)3< 1, there must knowingly be
k< 6 and, as is evident from (l%), the boundary must then be ap-
proaching the Earth. Therefore, even at ring current the necessary
condition for a reversible transit of particles with low-disposed
reflection points in the region L >R, is the contraction of the mag-
netosphere. The ring current only limits and does not arrest at all
this effect.

The variation of the horizontal component of the field on the
Earth's surface at the equator relative to the undisturbed level

Hg = Bg(l* «/ry3) will be determined by formula (13) at r =1
AH = H — Hy = B[ («811 [ ) — 2k [ R®]. (17)
(Here the analogy between the parameters ol=1I1—1 and k, defining

the contribution by the surface and ring currents is clearly outlined).
In order to determine whether dumping is generally possible

by ground measurements during the main phase, we shall require the

simultaneous fulfillment of the condition 6L < 0 in (16) and AH < 0

in (17). Then we shall obtain

1/L3 < 1{Ld= abll/2kr®<<1/R°. (18)

It is obvious that both inequalities can be satisfied. The quan-
tity Lg defines the lower limit of the radial values of L (the upper
limit being L <r'), from which these particles shift into the depth
of the magnetosphere, provided the latter's contraction from r; to rj
takes place simultaneously with the development of the ring current
(when its magnetic moment increases from 0 to k). From (16) and (18)
we may write

R3

3:
L 1 —(AH/AHR)’

1 = — 3
AHxz 2%kBo/R?, (19)

where 8 HR is the decrease of the horizontal component at the equator
on account of the ring current. The smaller it is, that is, the
lesser the magnetosphere squeezing for the givena H, the higher the
boundary Iy of the possible particle dumping.

It is impossible to separate the contribution to the disturbance
of the horizontal component of magnetosphere boundary from that of



the contribution of the ring current. If, moreover, the variation

ri is clear (from direct measurements on satellites or by the varia-
tion of the period of micropulsations), we may determine from (19),
(17) and (12) the parameter r and R of the ring current of which

the measurements are otherwise of so difficult an access.

The reasonings brought out concern the simultaneous compres-
sion of the magnetosphere boundary and the formula of the ring cur-
rent. However, the latter, linked with the dissipation of hydromag-
netic waves in the magnetosphere usually lags in the development re-
lative to the fast variations of the distance to the daytime bound-
ary of the magnetosphere. In this case, it plays no part, and the
radial transits of particles are determined with the respective nor-
malization of the initial values as in the first phase.

The separate outbursts of escaping particles during the main
phase of the showers of 12 and 20 February, which may be seen in
Fig. 6.9 of the work [9]1, are apparently due to impulsecContraction o:
the magnetosphere during the times when the ring current cannot
vary substantially.

During the main phase of the storms of 12 and 20 February
the lowering the horizontal component was smalla H~-40y . The
growth of the ring current at the commencement of the main phase
took place concomitantly with the  tightening of the bounaary from
r,~110 to ry'~8. The characteristic of L is difficult to deter-
mine from the data of [9]. This is why we adopt R~4, From (12)
at k<1, we havesll =1 — 1a=21, From (17)k = 6.9 - 10-2 atog = 0.85.
This gives A Hp = -68y and Ly~4.5. Therefore, the feeble lower-
ing of the horizontal compconent during the main phase could not
hinder the dumping of the particles, induced by the contraction
of the daytime boundary of the magnetosphere.

In conclusion, I wish to thank S. N. Kuznetsov and A, I,

Ershkovich for discussion of the experiment and of the theme of
the present paper.
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